Detailed information regarding the contribution of individual ␥-aminobutyric acid (GABA)-containing inhibitory neurons to the overall synaptic activity of single postsynaptic cells is essential to our understanding of fundamental elements of synaptic integration and operation of neuronal circuits. For example, GABA-containing cells in the thalamic reticular nucleus (nRt) provide major inhibitory innervation of thalamic relay nuclei that is critical to thalamocortical rhythm generation. To investigate the contribution of individual nRt neurons to the strength of this internuclear inhibition, we obtained whole-cell recordings of unitary inhibitory postsynaptic currents (IPSCs) evoked in ventrobasal thalamocortical (VB) neurons by stimulation of single nRt cells in rat thalamic slices, in conjunction with intracellular biocytin labeling. Two types of monosynaptic IPSCs could be distinguished. ''Weak'' inhibitory connections were characterized by a significant number of postsynaptic failures in response to presynaptic nRt action potentials and relatively small IPSCs. In contrast, ''strong'' inhibition was characterized by the absence of postsynaptic failures and significantly larger unitary IPSCs. By using miniature IPSC amplitudes to infer quantal size, we estimated that unitary IPSCs associated with weak inhibition resulted from activation of 1-3 release sites, whereas stronger inhibition would require simultaneous activation of 5-70 release sites. The inhibitory strengths were positively correlated with the density of axonal swellings of the presynaptic nRt neurons, an indicator that characterizes different nRt axonal arborization patterns. These results demonstrate that there is a heterogeneity of inhibitory interactions between nRt and VB neurons, and that variations in gross morphological features of axonal arbors in the central nervous system can be associated with significant differences in postsynaptic response characteristics.
Intrathalamic rhythmic activities that are prominent in sleep and certain pathophysiological conditions (reviewed in ref. 1) are a consequence of both the intrinsic properties of thalamic neurons and the reciprocal synaptic connectivity between excitatory cells in thalamic relay nuclei and inhibitory neurons in the thalamic reticular nucleus (nRt) (or analogous perigeniculate nucleus) (2) (3) (4) (5) . Most thalamic neurons are capable of firing action potentials in robust phasic bursts that are key elements in rhythm generation. Burst behavior, in turn, depends on the presence of a low-threshold transient Ca 2ϩ current (6, 7) that is inactivated at resting membrane potentials and deinactivated by inhibitory postsynaptic potentials that hyperpolarize the involved neurons (2, 3, 8) . The ␥-aminobutyric acid (GABA)-ergic inhibitory innervation onto thalamocortical relay neurons from nRt (3, 9-13) thus forms a key element in the generation of oscillatory activities.
In this scheme of thalamic operation, it becomes critical to define the factors that regulate the inhibitory drive from nRt neurons onto relay cells. The spatial ramification of the nRt cells' axonal arbors and the density of putative release sites will be factors that determine the intensity of inhibition in relay neurons. Axonal arborizations of nRt cells within the ventrobasal thalamus (VB) are anatomically heterogeneous, ranging from spatially diffuse structures with low densities of axonal swellings (presumed synaptic contacts) to those that are focal and have much higher densities of swellings (14) (15) (16) (17) . To test the range of inhibitory influences of single nRt neurons upon relay neurons, we obtained simultaneous whole-cell recordings from synaptically coupled nRt and VB neurons. Our results indicate that there is a heterogeneity of inhibitory interactions between nRt and VB cells. nRt contains subgroups of neurons with different axonal arborization patterns that give rise to functionally distinct forms of inhibitory activity. 
MATERIALS AND METHODS
Rat thalamic slices were prepared as previously described (18) . Young Sprague-Dawley rats were deeply anesthetized with pentobarbital sodium (55 mg͞kg), decapitated, and the brains quickly removed and placed in cold, oxygenated slicing solution containing 2.5 mM KCl͞1.25 mM NaH 2 PO 4 ͞10.0 mM MgCl 2 ͞0.5 mM CaCl 2 ͞26.0 mM NaHCO 3 ͞11.0 mM glucose͞ 234.0 mM sucrose. Slices (300 m) were cut in the horizontal plane with a vibratome and placed in a holding chamber (30°C) for Ͼ2 hr prior to recording. Individual slices were transferred to a submersion-type recording chamber maintained at room temperature (23°C) and continuously perfused with oxygenated physiological solution containing 126.0 mM NaCl͞2.5 mM KCl͞1.25 mM NaH 2 PO 4 ͞2.0 mM MgCl 2 ͞2.0 mM CaCl 2 ͞ 26.0 mM NaHCO 3 ͞10.0 mM glucose, pH 7.4.
Whole-cell recordings were obtained from neurons visualized within the slices (19, 20) . A low-power (2.5ϫ) objective was used to identify the thalamic nuclei, and high-power water-immersion objectives (40ϫ, 63ϫ) with Nomarski optics and infrared video were used to visualize individual neurons. The intracellular solution for nRt neuronal recordings contained 117.0 mM K-gluconate͞11.0 mM KCl͞1.0 mM MgCl 2 ͞ 1.0 mM CaCl 2 ͞11.0 mM EGTA͞10.0 mM Hepes͞0.5% biocytin. The solution for VB recordings was similar except that Cs-gluconate and CsCl were substituted for K-gluconate and KCl, respectively. Inclusion of Cs ϩ in the recording pipette blocked the late GABA B receptor-mediated inhibitory postsynaptic current (IPSC) (21) . Miniature IPSCs (mIPSCs) were recorded with Cs ϩ -containing pipettes and in the presence of 1 M tetrodotoxin. The solutions were adjusted to a final pH of 7.3 and osmolality of 280 mosmol.
An Axoclamp 2A amplifier (Axon Instruments, Foster City, CA) was used in continuous single-electrode voltage-clamp mode for current recordings (VB neurons) and bridge mode for voltage recordings (nRt neurons). The access resistance during the voltage-clamp recordings was monitored throughout the experiment and never exceeded 15 M⍀. A liquid junction potential of 10 mV was subtracted off-line. Synaptic responses were temporally aligned using the peak of the action potential in the nRt neuron (Fig. 1A) . The onset latency of the IPSCs was determined from the average response. In the majority of pairs (6͞8), the IPSC conductance of the VB neuron was calculated from the slope of the current͞ membrane potential relationship over a voltage range of Ϫ70 to Ϫ10 mV. For the two remaining neurons, the conductance was calculated using the average reversal potential of the IPSC.
Following recordings, slices were removed from the chamber and fixed overnight in 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate buffer. Slices were freezethawed three times, resectioned at 75-100 M on a vibratome, and processed for biocytin as previously described (17), except that Triton X-100 was omitted and a cobalt-nickel intensification of the reaction product was used. Slices were embedded in Durcapan resin (Fluka), and following polymerization the cells were analyzed at the light-microscopic level. Cameralucida reconstructions of the labeled neurons were made using either a 50ϫ water-immersion or 100ϫ oil-immersion objective. The density of axonal swellings was determined by counting the number of swellings in a series of 30 M ϫ 30 M grids extending across the entire axonal arborization (17) .
RESULTS
Paired intracellular recordings from nRt and VB neurons were used to unambiguously identify unitary IPSCs in slices of rat somatosensory thalamus maintained in vitro. A total of 98 dual nRt-VB recordings were obtained, and unitary IPSCs were evoked by nRt APs in 8 of these. In these pairs, single APs evoked in presynaptic nRt neurons by short-duration depolarizing current pulses (100-300 pA, 10-50 ms) elicited monosynaptic IPSCs in the VB neurons (Fig. 1 A) . The average IPSC amplitude across the eight pairs was highly variable ranging from 18.5 to 514.0 pA. Under our recording conditions, these IPSCs contained only GABA A receptor-mediated components (see Materials and Methods). Latency from presynaptic spike to IPSC onset was fixed for a given pair, suggesting a monosynaptic connection (Fig. 1B) , whereas across pairs the average IPSC latency ranged from 1.5 to 3.1 ms. There was no relationship between the latency in a given pair and the somatic area or extent of arborization of the presynaptic nRt neuron. To determine whether larger-amplitude IPSCs may have been due to activation of more proximal synapses, we also measured other IPSC attributes such as rise time, decay time constant, and reversal potential. The 10-90% rise time of the IPSCs ranged from 1.5 to 5.1 ms, and decays could be well fitted by single-or double-exponential functions. The average IPSC reversal potential (Ϫ54.2 Ϯ 7.1 mV; n ϭ 6; e.g., Fig. 1C ) was near the calculated chloride equilibrium potential of Ϫ58 mV under these recording conditions. IPSC amplitude was not correlated with rise time, decay time constant, or reversal potential, suggesting that IPSC variance across pairs was not due solely to different sites of origin along the somaticdendritic membrane.
There were large differences in synaptic failure rate among paired recordings. In three of the eight pairs, postsynaptic failures occurred in a significant percent of trials (43.5, 71.5, and 74.5%). For example, in the pair illustrated in Fig. 2A , single nRt APs failed to evoke a postsynaptic response in 43.5% (350͞804) of trials (e.g., second and fifth traces of Fig.  2 A, i) . The amplitude distribution of unitary postsynaptic responses in such pairs (Fig. 2 A, ii, shaded bars) typically consisted of two peaks: the smaller overlapped with the noise measurements ( Fig. 2 A, ii, solid) , indicative of postsynaptic failures; the second peak corresponded to the small, evoked IPSC that had an average amplitude of 20.6 Ϯ 9.6 pA (n ϭ 454; Fig. 2 A, ii, shaded bars) . The peak of the unitary IPSC averaged 22.1 Ϯ 4.6 pA in the failure pairs (n ϭ 3), and the
By contrast, in five of eight pairs presynaptic nRt APs evoked robust IPSCs that never failed (Figs. 2 B, i and C, i) . Average IPSC amplitude in the VB neuron of these five ''nonfailure'' pairs was large and highly variable between pairs (188.0 Ϯ 184.9 pA, range 56.6-514.0 pA, n ϭ 5), and the largest single response had a peak amplitude of 858 pA. The associated IPSC conductances (4.5 Ϯ 4.6 nS: range 1.85-12.7 nS) were significantly larger than for the ''failure'' pairs (P Ͻ 0.05, Mann-Whitney U test), and the IPSC amplitude distributions were typically more widespread and multipeaked (Figs. 2 B, ii  and C, ii) . The response latency, rise time, and decay time constant did not differ significantly between the ''failure'' and ''nonfailure'' pairs.
Previous studies involving paired recordings and anatomical reconstruction in hippocampus have indicated that unitary postsynaptic inhibitory responses result from activation of 2 to 17 synaptic contacts onto a single pyramidal neuron (22) (23) (24) . To estimate the number of release sites required for the unitary IPSC amplitudes that we observed, mIPSCs were recorded from another group of eight VB neurons (Fig. 3) . Virtually all IPSCs in VB arise from nRt innervation because this relay nucleus is virtually devoid of inhibitory interneurons in the rodent (10, 25) . In six of eight cells, the amplitude distributions of the mIPSCs were unimodal and slightly skewed toward larger amplitudes but reasonably well fitted by a single Gaussian distribution (e.g., Fig. 3A , ii). The remaining two distributions were more skewed and best fitted by two Gaussians of similar integral unitary sizes (e.g., Fig. 3B , ii). The mIPSC amplitude for the first peak was quite consistent among the eight cells and averaged 12.2 Ϯ 1.3 pA with variance of 7.1 Ϯ 1.0 pA. Assuming that the first peak of mIPSC distribution reflects the postsynaptic action produced by a single synapse or release site, our data suggest that the unitary IPSCs observed following single nRt APs (range, 5.1 to 858 pA) result from the activation of approximately 1-70 release sites. With a mean amplitude of about 22 pA, the unitary IPSCs in ''failure'' pairs would result from activation of approximately two release sites (Fig. 2 A) , whereas the larger IPSCs associated with the ''nonfailure'' pairs would require synchronized acti- 
B and C).
Because the burst-firing pattern of VB and nRt neurons is critical for generating intrathalamic rhythms (2, 3, 7, 8, 26), we were interested in examining the effects of single spikes versus burst discharges in nRt neurons on the resulting unitary GABA A receptor-mediated IPSC. As discussed above, single presynaptic APs evoked small IPSCs and frequent failures in some neurons (Fig. 4A, i) . In such pairs, IPSCs that followed AP bursts in the presynaptic nRt neuron had amplitudes and durations similar to those of IPSCs evoked by single APs (c.f. Fig. 4A, i, b and c vs. ii, b and c). Although bursts of multiple presynaptic APs could still fail to evoke IPSCs (Fig. 4A, ii, b) , the failure rate was decreased (e.g., there were 14% failures following bursts versus 42% following single presynaptic APs in the pair of Fig. 3A . The IPSCs evoked by a nRt AP burst usually consisted of a single peak and could occur in response to any of the individual APs within the burst (Fig. 4A, ii, a and  c) . Comparisons of the IPSC charge (integrated area) of successful responses in pairs with failures indicated that there was little difference between IPSCs evoked in the VB neuron by single spikes versus bursts of APs in the presynaptic cell (Fig. 4A, iii) .
As shown above (Fig. 2 B and C) , in the ''nonfailure'' pairs, single nRt APs evoked larger amplitude IPSCs (Fig. 4B, i) . In such pairs, burst discharge in the presynaptic nRt neuron gave rise to IPSCs containing multiple peaks of overlapping IPSCs, each corresponding to a single presynaptic AP (Fig. 4B, ii) . Individual IPSC peaks within burst-triggered events were almost always smaller for secondary compared with primary presynaptic spikes, suggesting a rapid use-dependent depression. In spite of this, the nRt AP bursts produced an average 270% increase in the IPSC charge over that following single spikes ( Fig. 4B, iii; n ϭ 3) . By contrast, IPSC charge in the ''failure'' pairs was not influenced by the firing mode of the nRt neuron; the charge of burst-generated IPSCs was 90% of that evoked by single spikes (n ϭ 3; compare Fig. 4A, iii with B, iii) . Thus, the presynaptic firing mode had a robust influence on the magnitude of inhibition, but only in strongly coupled pairs.
We have previously shown that nRt neurons give rise to distinct axonal arborization patterns ranging from a multibranched, complex, clustered structure containing a high density of axonal swellings (''cluster'' or ''intermediate'' type), to a ''diffuse'' branching pattern with significantly fewer axonal swellings (17) . The average density of axonal swellings differed among the three different types of arborizations (17) . Individual biocytin-filled nRt neurons were recovered in six of eight pairs, and in three pairs both nRt and VB cells were recovered (e.g., Fig. 5 ). The arborizations of nRt neurons associated with the ''nonfailure'' pairs had a complex axonal branching pattern similar to the intermediate or cluster-type arbor ( Fig. 5B; n ϭ 4) . In contrast, the nRt neurons associated with ''failure'' pairs had less branching and simpler arborizations, similar to the diffuse projection type ( Fig. 5A; n ϭ 2) . Because the density of axonal swellings (presumed boutons) is correlated with arborization type (17), we determined the densities of swellings in four well labeled nRt neurons. The average density in two ''nonfailure'' nRt neurons was 15.7 (neuron in Fig. 5B ) and 16.2 swellings͞900 M 2 , similar to the mean density of the intermediate axonal arborization (15.7 swellings͞900 M 2 ) (17). In contrast, the average densities in the two nRt neurons that produced postsynaptic failures were 4.8 (neuron in Fig. 5A ) and 11.3 swellings͞900 M 2 , values consistent with those described for diffuse arborizations (8.7 swellings͞900 M 2 ) (17) .
DISCUSSION
This study investigated the inhibitory influence of individual nRt neurons upon somatosensory thalamic relay neurons. These data indicate that nRt neurons mediate at least two distinct types of inhibitory response distinguishable by the rate of successful transmission and magnitude of the unitary postsynaptic current. One group of presynaptic cells with diffuse axonal arbors fails to faithfully produce an IPSC for every presynaptic AP, whereas in nRt neurons with more compact arbors each AP evokes an IPSC. In addition, these ''failure'' and ''nonfailure'' groups are associated with small and large amplitude unitary IPSCs, respectively. Furthermore, presynaptic bursts increase IPSC magnitude in nonfailure pairs but produce no change in IPSC magnitude for failure-type connections. Results are based on a relatively small number of synaptically coupled pairs, and it is possible that intermediate forms of unitary responses will be found in future experiments.
Nonetheless, the association of these four variables in particular pairs occurred without exception, making it likely that the results are due to the existence of functional subclasses of nRt neurons rather than an experimental artifact such as differences due to the slice procedure itself.
One possible explanation for the differences in IPSC amplitudes and failure rates between these two groups of nRt neurons is variations in the number of synaptic contacts. Assuming that transmitter release conforms to binomial statistics, that individual synapses release one quantum, and that the mIPSC amplitudes (i.e., 12 pA) are indicative of the postsynaptic effects of single quanta (q), we have estimated the release probability (P) and number of quanta (n) required to produce IPSC amplitude distributions similar to those obtained experimentally. To account for the failure rates and amplitudes observed in the three ''failure''-type neurons (43.5, 71.5, and 74.5%), P would have to be low (0.05-0.2) and n (i.e., number of contacts) would range from 5 to 10.* If all axon terminals of nRt neurons have a similar low release probability, approximately 25-450 synaptic contacts onto each postsynaptic cell would be required to account for the larger IPSC amplitudes observed in ''nonfailure'' pairs. Further, we have likely underestimated the number of contacts required because our calculations do not take nonlinear summation into account (27, 28 ). An alternative explanation for this large difference in amplitude of unitary IPSCs in ''failure'' versus ''nonfailure'' pairs might be that the release probability in denser axonal terminal arbors (i.e., nonfailure pairs) is greater than in diffuse arbors (i.e., failure pairs). Additional neuroanatomic data on the numbers of synapses made onto VB neurons by single nRt cells will help resolve this issue.
In the hippocampus, a single presynaptic inhibitory neuron, through its divergent output, produces similar inhibitory postsynaptic potentials in multiple nearby postsynaptic cells (29) . If this type of divergence is also present within thalamus, the ''nonfailure'' neurons, whose inhibitory output is significantly increased during burst firing (Fig. 4B) , would generate a focal region of powerful inhibition in VB that could be important in initiating or perpetuating oscillatory activity. This robust output should occur during periods of rhythmic activity such as during sleep spindles when the thalamic neurons are in a burst-discharge mode (2, (30) (31) (32) . This conjecture is partially supported by the demonstration that burst discharge in a single GABAergic perigeniculate neuron of a thalamic slice can initiate rhythmic spindle activity in the network (33) . During nonsleep periods, nRt neurons with strong postsynaptic inhibitory effects may be influential in shaping receptive fields of VB relay cells (34) and providing the proper priming actions on these neurons (membrane hyperpolarization) to induce burst discharge in the awake animal (35) .
By contrast, the function of the weaker inhibitory innervation that produces much smaller IPSCs may be to sculpt the shape of nearby excitatory potentials on the dendritic tree, thus serving an important role in synaptic integration (e.g., refs. 24 and 36). The ''failure'' type of coupling we observed (e.g., Fig.  2 A) contrasts with that reported in other structures where activation of presynaptic inhibitory neurons rarely produces postsynaptic failures (37, 38) .
We speculate that the differences in postsynaptic efficacy of nRt neurons with different axonal arbors shown here could have important implications for operation of circuits in many parts of the brain. For example, individual central nervous system neurons, such as cortical interneurons (39) (40) (41) (42) and thalamic cells (16, 43) have both dense and diffuse regions of *According to binomial theory, the probability of failure (P0 or Pfailure) is equal to (1 Ϫ p) n . For example, with Pfailure of 72%, p would be equal to 0.28, 0.15, and 0.06 for n ϭ 1, 2, and 5, respectively. Given the range of observed evoked IPSC amplitudes, n must be at least 4 or 5 (e.g., see Fig. 2a , ii), and p must be low, approximately 6%. axonal arborization. Assuming that the entire arbor is invaded by an action potential, our data imply that such anatomic arrangements could allow a presynaptic neuron to give rise to significantly different outputs onto two (or more) sets of targets, depending on both the pattern of axonal ramification and, perhaps, the physiological properties of individual axon terminals.
